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Abstract 
Nanofocusing of light offers new technological opportunities for the delivery and 
manipulation of electromagnetic fields at sub-diffraction limited length scales. 
Here, we show that hyperbolic phonon-polariton (HPP) modes in the mid-
infrared as supported by a hexagonal boron nitride (h-BN) slab can be 
nanofocused (i.e. both field enhanced and wavelength compressed) by 
propagation along a vertical taper. Via numerical simulations, we demonstrate 
that field enhancement factors of 90 – for steep tapers – and wavelength 
compression of more than an order of magnitude – for adiabatic tapers – can be 
expected. Employing scattering-type scanning near-field optical microscopy (s-
SNOM), we provide – for the first time – proof-of-principle experimental 
evidence of a significant HPP wavelength compression. We expect these 
functionalities to provide diverse applications, from biosensing and non-linear 
optics to optical circuitry. 
 
 2 
Keywords: nanofocusing, hyperbolic polaritons, wavelength compression, tapered 
waveguide, BN 
 
The principle objective of nanooptics is to control the flow of light at the nanoscale. It 
can be achieved through polaritons - electromagnetic modes formed by coupling light 
with quasi-particles such as plasmons, phonons or excitons – which allow for  
confining and enhancing electromagnetic fields within nanoscale volumes1. Polaritons 
thus form the basis for a new generation of optical devices and applications2-4, for 
example single molecule sensing5, 6, optical trapping7, nanophotonic circuitry8, 9, 
nonlinear optics10, coupling between polaritons11 and slow light12. 
 
The combination of nanoscale field confinement and field enhancement is generally 
known as nanofocusing, and has been widely examined in various geometries and at 
various frequencies between the visible and microwave range13. It can be achieved by 
different mechanisms, the most prominent being localized antenna resonances14 or 
compression of surface polariton propagating along tapered slabs, rods and other 
waveguiding structures12, 15-22. 
 
Here, we study a method of nanofocusing hyperbolic phonon-polaritons (HPPs) by 
propagation along a tapered hexagonal boron nitride (h-BN) slab at mid-infrared 
frequencies. HPPs occur in materials with hyperbolic dispersion23, 24, where one of the 
principle components (axial component, indexed z) of the dielectric tensor 𝜖  is 
opposite in sign to the other two (transverse components, indexed x and y). 
Electromagnetic waves inside hyperbolic materials – the HPPs themselves – thus 
propagate with a wavevector k, which must satisfy the following dispersion relation 
(where 𝜖! = 𝜖!): 
             𝑘!! 𝜖! + 𝑘!! + 𝑘!! 𝜖! = 𝜔/𝑐 !.  (1) 
The solutions of Eq. 1 are open hyperboloids of type I (Re(𝜖!) < 0, Re(𝜖!) > 0) or 
type II (Re(𝜖!) > 0, Re(𝜖!) < 0), and they allow extremely large k-values to exist. 
Another consequence of the hyperbolic dispersion is that light within a hyperbolic 
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material travels as well-defined rays, as the propagation direction is fixed within 
certain cones23. As such, HPPs have already been used in diverse applications such as 
hyperlensing25 and the control of spontaneous emission26, 27. 
 
H-BN is a naturally occurring layered crystal28, which exhibits hyperbolic dispersion 
in the spectral regions between 760 – 825 cm-1 (type I) and 1370 – 1610 cm-1 (type II). 
Because of the sharp h-BN phonon resonances, HPPs in h-BN slabs have longer 
propagation lengths than, for instance, surface phonon polaritons in amorphous oxide 
films (e.g. SiO2 or Al2O3) or surface plasmon polaritons in semiconductors4. 
Importantly, h-BN films can be fabricated by exfoliation – much easier than thin films 
of high-quality SiC crystals in which phonon polaritons have sharp resonances29 
comparable to that of h-BN. In the following, we focus exclusively on the type II 
region. HPPs supported by h-BN have been the subject of considerable study 
recently30-32: benefitting as they do from strong field confinement and low losses, they 
are promising candidates for tailored thermal emission33, flatland optics34, enhanced 
molecular spectroscopy and super-resolution imaging35, 36. 
 
It has been demonstrated that by tapering hyperbolic metamaterial slabs it is possible 
to improve the coupling of HPPs to free-space radiation, owing to the dependence of 
the HPP wavelength on the metamaterial thickness27. Here we demonstrate by 
numerical calculations both the electric field enhancement and wavelength 
compression – together amounting to nanofocusing – of HPPs when they propagate 
along a tapered slab of h-BN (illustrated in Fig. 1). Via scanning near-field optical 
microscopy (s-SNOM) we visualize in real space the HPP propagating into an h-BN 
taper, providing direct experimental evidence the wavelength compression. A gold 
edge acts like a broadband antenna, converting the incident radiation into highly 
confined near fields, which have sufficiently high k-values to meet the momentum 
matching condition and launch HPPs. As these HPPs propagate within a thin slab of 
h-BN, their rays reflect from the top and bottom surfaces, forming a zig-zag style ray 
(red zig-zag line in Fig. 1), which can be described by a superposition of the slab’s 
eigenmodes30, 31, 35-37 Mn, with n = 0,1,2… (the field profiles of the modes M0 and M1 
are shown in Fig. 1). These slab eigenmodes do not have a cutoff at large 
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wavevectors, and enable extreme subwavelength confinement of electromagnetic 
fields. Because the HPPs are volume modes (i.e. the energy flows to a large amount 
inside the h-BN slab), they are expected to be much less sensitive to scattering by 
surface defects than surface polaritons. Each eigenmode has its own wavevector Kx = 
kx + iγ. The calculated dispersion curves for the first five modes M0 – M4, (see 
Methods), are shown in Fig. 2a for a slab of thickness d = 150 nm. Note that the 
higher order modes do not propagate as far as M0, essentially due to their much 
shorter wavelengths. Most importantly, the mode dispersion substantially depends on 
the thickness, d31. In Fig. 2b, therefore, we show the dispersion of the fundamental 
mode M0 (with the longest propagation length) for different thicknesses d: as d 
decreases, kx increases for any given frequency ω. This increased confinement for 
thinner slabs is clearly visible in Fig. 2c, where the calculated x-component of the M0 
mode’s field distribution, Ex, at a frequency ω = 1500 cm-1, (see Methods), is shown 
for d = 100 nm (upper panel) and d = 50 nm (lower panel). Consequently, when the 
M0 mode propagates along a tapered slab, we expect an increasing field confinement 
coming along with an increasing field enhancement (assuming a nearly adiabatic 
process, i.e. weak dissipation and backreflection of the mode), which is the basis for 
the HPP nanofocusing method described in this paper. 
 
In order to demonstrate the propagation and nanofocusing of HPPs in tapered h-BN 
slabs quantitatively, we have performed full-wave numeric simulations (see 
Methods). We have calculated the electromagnetic fields inside the slab, generated by 
the mode M0 entering into the tapered part of the slab from the region of the constant 
thickness of 150 nm. Fig. 3a quantifies the field enhancement at the end of the taper 
as a function of the taper angle θ. The field enhancement is defined as the ratio 
between the magnitude of the field on the h-BN surface at the start of the taper 
(labelled A in the lower panel of Fig. 3b) and close to the end of the taper, where the 
slab has a thickness of 3 nm (labelled B). We chose this value of 3 nm because in real 
samples the edges are not ideally sharp, and therefore have a finite thickness at the 
end of the taper (which defines the maximal field enhancement). Note that the 
thickness of exfoliated h-BN flakes has reached a few monolayers38 and thus the 
presented field enhancement is potentially achievable experimentally. In Fig. 3a, we 
plot the field enhancement as a function of the taper angle θ. For shallow angles (θ < 
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10°), the field enhancement steadily increases with larger θ. In this regime (when the 
change of the thickness variation along the taper is slow compared with the 
wavelength of the M0 mode), the HPP is adiabatically compressed: it does not “feel” 
the slab taper, and its characteristics are simply determined by the local structure’s 
parameters. The enhancement, however, is relatively small (less than 30), as the 
comparatively large taper lengths at these angles allow for significant losses. The 
adiabatic compression of the M0 mode is seen in Fig. 3b, where the real part (upper 
panel) and magnitude (lower panel) of Ez for a slab with θ = 3° is displayed. It is clear 
that, while the HPP wavelength is indeed strongly compressed (by a factor of 50), 
there is no significant enhancement in the near-field distribution. Note that for a taper 
angle of θ = 8° we find both adiabatic wavelength compression and field 
enhancement at the taper end (Fig. S3, Supporting Information). 
 
At steeper taper angles (θ > 10°), however, the adiabatic approximation no longer applies, 
and there is significant reflection and scattering of the HPP M0 mode at the taper (see Fig.S1 
in the Supporting Information). Particularly, at the beginning of the taper (exhibiting a sharp 
edge marked by X in the lower panel of Fig. 3c), the incoming HPP M0 mode scatters into 
higher-order HPP modes. The interference of the latter yields a complex pattern of HPP 
rays37, which are clearly visible in the near-field maps of Fig. 3c. Interestingly, the HPP rays 
do not appear in the adiabatic regime (Fig. 3b), where the edge at the beginning of the taper is 
not sharp enough to efficiently scatter the incoming M0 HPP mode. We stress that the 
scattering of the M0 HPP mode into higher-order modes has a large impact on the field 
enhancement at the taper end: due to interference of the generated HPP rays, the field 
enhancement at the taper end oscillates when the taper angle is increased (Fig. 3a). The field 
enhancement factor peaks at 92 for θ = 27.5°, and this is clearly visible as a “hot 
spot” in both panels of Fig. 3c, while the wavelength compression is no longer easily 
seen due to the small length of the taper compared to the HPP wavelength. Such large 
field enhancements compare favourably with that provided by infrared metallic 
antennas39. 
 
Finally, we present a proof-of-principle experiment, where s-SNOM was used to map 
the near fields above a tapered slab of h-BN (illustrated in Fig. 4b). A p-polarized 
infrared beam at frequency ω = 1500 cm-1 and with electric field Ein illuminates both 
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the sample and the silicon probe of our s-SNOM. The sample consists of a tapered h-
BN slab onto which we deposited a gold film (Fig. 4a shows a light microscope 
image), whose edge launches HPPs in the h-BN slab37 (see Methods for the 
fabrication of the sample). While the silicon probe tip (oscillating vertically at 
frequency Ω) is scanned perpendicularly to the gold edge and across the h-BN taper 
(parallel to the dashed white line in Fig. 4a), the tip-scattered light Escat – a measure of 
the near field above the h-BN surface – is detected interferometrically and 
demodulated at frequency 3Ω, yielding Escat,3 (see Methods). For imaging the HPPs, 
we recorded |Escat,3| as a function of the tip position x. Note that the fabrication of our 
samples is limited to naturally occurring tapers created by h-BN exfoliation. 
Therefore, the tapers are typically very shallow (~ 1.5° in our case), so we expected to 
see an adiabatic wavelength compression of the HPP field rather than a significant 
field enhancement  
 
The gold edge strongly launches HPPs, whose electric field is labelled as EHPP in Fig. 
4b, while the silicon tip launches very weakly37 (in contrast to previous s-SNOM 
studies of h-BN HPPs, where a metallic tip is used as the launcher of HPPs31, 32). Pure 
scattering of polaritons by the tip (rather than exciting polaritons with the tip) allows 
for mapping of the wavefronts of the polaritons40, thus directly visualizing the 
wavelength compression when they propagate into a taper. The magnitude of the 
detected and demodulated tip-scattered light, |Escat,3|, averaged over 70 line scans (the 
path of one of the scans is illustrated by the white dashed line in Fig. 4a), is shown in 
the upper panel of Fig. 4c by the red curve. Fringes, whose height decays with 
increasing distance from the gold edge, are clearly discerned. The fringes arise from 
the alternating constructive and destructive interference between the incident field Ein 
and the HPP field EHPP. Strikingly, the spacing between the fringes (indicating the 
HPP wavelength) reduces with increasing distance from the gold edge, which is in 
good agreement with a numerical simulation of the magnitude of the total electric 
field’s z-component41, Ez,in + Ez,HPP, (Fig. 4c, lower panel). In this simulation we used 
the profile of the h-BN flake, averaged over 70 line scans (shown by the continuous 
white outline in Fig. 4c, lower panel) obtained from the AFM topography imaging. 
Note that the gold edge launches many HPP modes – hence rays are visible within the 
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h-BN slab seen in the lower panel of Fig. 4c – but only the M0 mode propagates 
along the full length of the taper. 
 
For quantitative comparison of the s-SNOM signal with our numerical calculation, we 
have to consider that the demodulated tip-scattered field, 𝐸scat,3, depends on both the 
total electric field’s z-component, 𝐸z,in + 𝐸z,HPP , and the near-field interaction 
between the tip and the sample. According to the well-established dipole model42, 43, 
the s-SNOM signal (in case of a slow vertical decay of the polariton’s electric field) is 
given by 𝐸scat,3 ∝ 𝛼eff,3 ∙ (𝐸z,in + 𝐸z,HPP) , where 𝛼eff,3  describes the near-field 
interaction for signal demodulation at 3Ω. The inset of Fig. 4c (upper panel) shows 𝛼eff,3 for the h-BN slab as a function of x, calculated according to the dipole model for 
thin layers described in Ref.43. For this calculation we used the h-BN thickness 
obtained from the topography image of the sample, and dielectric values for h-BN 
from Ref.30. The calculated s-SNOM signal 𝐸scat,3 is shown by the blue curve in the 
upper panel of Fig. 4c. We find a good agreement with the experiment (red curve) 
regarding fringe spacing and decay of the fringe maxima with increasing distance x to 
the gold edge. Particularly, our calculation explains the rather rapid decay of the 
fringe maxima in the s-SNOM profile (compared to the field calculations in the lower 
panel of Fig. 4c) due to the strongly decreasing value of 𝛼eff,3 for decreasing thickness 
(increasing x) of the h-BN slab. Note that the field of the M0 mode strongly decreases 
upon propagation into the taper. For that reason, the field associated with HPPs back-
reflected at the taper end can be neglected. 
 
In principle, the wavelength of the HPP’s fundamental mode M0 can only be 
extracted from the fringe spacing after correcting for the angled illumination ( ̴40º): in 
practice, however, this correction is negligibly small due to the short wavelength of 
the HPP in relation to the free-space wavelength37, 42. The fringe spacing in both the 
experiment and simulation thus directly yields the HPP’s M0 wavelength, 𝜆MO. In Fig. 
4d we show the experimental local wavelength 𝜆MO (red circles in Fig. 4d) obtained 
from the red s-SNOM profile in Fig. 4c and the numerically simulated local 
wavelength 𝜆MO (blue squares in Fig. 4d) obtained from the blue curve in Fig. 4c. In 
both experiment and simulation we clearly see a continuous decrease of 𝜆MO with 
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increasing distance x from the gold edge by more than a factor of 2. For comparison, 
in Fig. 4c we also show the analytically calculated wavelength 𝜆MO31 (green curve in 
Fig. 4d) for uniform slabs. At each position 𝑥 , this calculation assumes a slab 
thickness 𝑑(𝑥), which we obtained from the AFM height profile shown by the solid 
white line in the lower panel of Fig. 4c. Like in the experiment and numerical 
simulation (blue and red symbols in Fig. 4c), we find that the analytically calculated 𝜆MO decreases with decreasing slab thickness. Quantitative differences for 𝑥 > 2 µm 
we explain by the backreflection of the HPP M0 mode at the slab termination 
(𝑥 = 4.5 µm), which is not taken into account in the analytical calculation of 𝜆MO in 
uniform slabs. Further, the wavelength 𝜆MO continuously decreases along the taper 
with increasing x. Because of the nonlinear dependence of 𝜆MO on 𝑑(𝑥), the peak-to-
peak distance Δ𝑥 in the simulated blue s-SNOM profile does not provide the exact 
wavelength 𝜆MO at position x but rather a good approximate value. Our experimental 
results therefore provide the first direct observation of HPP compression upon 
propagation along a tapered slab. 
 
In conclusion, we have numerically demonstrated both adiabatic nanofocusing of HPP 
modes by propagation along a tapered slab of h-BN (leading to wavelength 
compression of the modes), and non-adiabatic nanofocusing (leading to field 
enhancements of almost two orders of magnitude at the taper end). Furthermore, we 
have provided the first experimental evidence of HPP wavelength compression by 
way of a proof-of-principle s-SNOM measurement, and seen excellent qualitative 
agreement between the experiment and simulation. We anticipate that s-SNOM will 
be a vital tool in the further characterisation of polariton nanofocusing devices, and 
future work in this direction will certainly involve both fabrication and measurement 
of an h-BN slab with a large taper angle, for which the strong field enhancement 
predicted by this paper should be experimentally visible. We expect that HPP field 
enhancement will find applications in photodetection, sensing and non-linear optics, 
while the HPP wavelength compression provides a potential avenue for coupling 
different types of polaritons, as may be required by future optical circuitry designs. 
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Methods 
Fabrication of BN films with gold stripes 
The h-BN slab was prepared by mechanical exfoliation of commercially available h-
BN crystals (HQgraphene Co, N2A1) using blue Nitto tape (Nitto Denko Co., SPV 
224P) and transferred onto a Si/SiO2(250nm) substrate. Following this, a wide gold 
stripe (to launch the HPPs) was deposited by electron beam lithography along a 
naturally tapered h-BN edge with the help of an electro-sensitive photoresist 
(PMMA), high resolution electron beam lithography, metal deposition (3nm-thick Ti 
stick layer deposited via e-beam evaporation followed by thermal evaporation of a 
40nm-thick Au film) and lift-off. 
 
Near-field microscopy 
Our s-SNOM (Neaspec, Munich) is based on an atomic force microscope (AFM). A 
silicon tip - oscillating vertically at the cantilevers mechanical resonance frequency - 
acts as a scattering near-field probe. The oscillation amplitude was about 80 nm. p-
polarised infrared light from a quantum cascade laser (Daylight solutions) was 
focused via a parabolic mirror onto both the tip and sample at an angle of 40 degrees 
with respect to the surface normal. The tip-scattered light of field 𝐸scat was recorded 
with a pseudo-heterodyne interferometer44. To suppress background scattering from 
the tip shaft and the sample, the detector signal is typically demodulated at a higher 
harmonic n of the oscillation frequency, yielding the signal 𝐸scat,n. In this work, we 
performed third-harmonic demodulation, n= 3. 
 
We conducted similar experiments with metallic tips. We found that both dielectric 
and metallic tips launch HPPs much less efficiently than the gold edge. Moreover, the 
tip-launched HPPs can propagate below the gold film (as they are volume modes), 
and thus do not exhibit a significant back-reflection at the gold edge. We also did not 
observe a significant back-reflection of tip-launched HPPs from the taper end, which 
we explain by the strong damping of the HPPs before they reach the very end of the 
taper. 
 
 10 
Simulations 
The profiles in Fig. 1 and the dispersion curves in Fig. 2a,b were calculated by finite- 
finite-difference frequency-domain (FDFD) method, using the commercial software 
package Lumerical Solutions. The numerical calculations shown in Fig. 2c, Fig. 3 and 
lower panel of Fig. 4c were done by the finite boundary elements method, using the 
commercial software package Comsol. The dependency of the wavelength, 𝜆MO, on 
the distance along the taper, 𝑥, shown in Fig. 4d, was calculated according to the 
approximate analytical solution31, using the profile of the tapered h-BN slab, 𝑑(𝑥), 
extracted from the AFM measurements. The convergence of the numerical 
simulations was verified for each case. As an example, the convergence of the field 
enhancement shown in Fig. 3a is illustrated in Fig. S2 of the Supporting Information. 
 
 
Author information 
Corresponding Authors:  
*E-mails: r.hillenbrand@nanogune.eu, a.nikitin@nanogune.eu 
†These authors contributed equally 
 
Acknowledgements 
The authors acknowledge support from the European Union through ERC starting 
grants (TERATOMO grant no. 258461, SPINTROS grant no. 257654 and 
CarbonLight grant no. 307806), the European Commission under the Graphene 
Flagship (contract no. CNECTICT-604391), the Spanish Ministry of Economy and 
Competitiveness (national projects MAT2014-53432-C5-4-R, MAT2012-36580, 
MAT2015-65525-R and MAT2012-37638). M.S. acknowledges funding from the 
European Union’s Horizon 2020 research and innovation programme under the Marie 
Sklodowska-Curie grant agreement No. 655888 (SYNTOH). 
 
Competing financial interests 
 11 
R.H. is co-founder of Neaspec GmbH, a company producing scattering-type scanning 
near-field optical microscope systems such as the one used in this study. All other 
authors declare no competing financial interests. 
 
ASSOCIATED CONTENT 
Supporting Information 
The Supporting Information includes additional simulations for the reflection, 
transmission and out-of-plane scattering of the fundamental HPP mode propagating 
along the tapered h-BN slab; the convergence of the numeric simulations for the field 
enhancement; and the nanofocusing of HPPs for the taper angle of 8°. This material is 
available free of charge via the Internet at http://pubs.acs.org. 
  
 12 
References 
1. Agranovich, V. M.; Mills, D. L., Surface polaritons : electromagnetic waves at 
surfaces and interfaces. North-Holland Pub. Co. : Amsterdam 1982. 
2. Gramotnev, D. K.; Bozhevolnyi, S. I., Plasmonics beyond the diffraction limit. Nat 
Photon 2010, 4, 83-91. 
3. Schuller, J. A.; Barnard, E. S.; Cai, W.; Jun, Y. C.; White, J. S.; Brongersma, M. L., 
Plasmonics for extreme light concentration and manipulation. Nat Mater 2010, 9, 193-204. 
4. Caldwell Joshua, D.; Lindsay, L.; Giannini, V.; Vurgaftman, I.; Reinecke Thomas, 
L.; Maier Stefan, A.; Glembocki Orest, J., Low-loss, infrared and terahertz nanophotonics 
using surface phonon polaritons. In Nanophotonics, 2015; Vol. 4. 
5. Kathryn, M. M.; Feng, H.; Seunghyun, L.; Peter, N.; Jason, H. H., A single molecule 
immunoassay by localized surface plasmon resonance. Nanotechnology 2010, 21, 255503. 
6. Zhang, R.; Zhang, Y.; Dong, Z. C.; Jiang, S.; Zhang, C.; Chen, L. G.; Zhang, L.; 
Liao, Y.; Aizpurua, J.; Luo, Y.; Yang, J. L.; Hou, J. G., Chemical mapping of a single 
molecule by plasmon-enhanced Raman scattering. Nature 2013, 498, 82-86. 
7. Juan, M. L.; Righini, M.; Quidant, R., Plasmon nano-optical tweezers. Nat Photon 
2011, 5, 349-356. 
8. Maier, S. A.; Atwater, H. A., Plasmonics: Localization and guiding of 
electromagnetic energy in metal/dielectric structures. Journal of Applied Physics 2005, 98, 
011101. 
9. Caldwell, J. D.; Novoselov, K. S., Van der Waals heterostructures: Mid-infrared 
nanophotonics. Nat Mater 2015, 14, 364-366. 
10. Kauranen, M.; Zayats, A. V., Nonlinear plasmonics. Nat Photon 2012, 6, 737-748. 
11. Nikitin, A. Y.; Alonso-González, P.; Hillenbrand, R., Efficient Coupling of Light to 
Graphene Plasmons by Compressing Surface Polaritons with Tapered Bulk Materials. Nano 
Letters 2014, 14, 2896-2901. 
12. Stockman, M. I., Nanofocusing of Optical Energy in Tapered Plasmonic Waveguides. 
Physical Review Letters 2004, 93, 137404. 
13. Gramotnev, D. K.; Bozhevolnyi, S. I., Nanofocusing of electromagnetic radiation. 
Nat Photon 2014, 8, 13-22. 
14. Mühlschlegel, P.; Eisler, H.-J.; Martin, O. J. F.; Hecht, B.; Pohl, D. W., Resonant 
Optical Antennas. Science 2005, 308, 1607-1609. 
15. Babadjanyan, A. J.; Margaryan, N. L.; Nerkararyan, K. V., Superfocusing of surface 
polaritons in the conical structure. Journal of Applied Physics 2000, 87, 3785-3788. 
16. Maier, S. A.; Andrews, S. R.; Martín-Moreno, L.; García-Vidal, F. J., Terahertz 
Surface Plasmon-Polariton Propagation and Focusing on Periodically Corrugated Metal 
Wires. Physical Review Letters 2006, 97, 176805. 
17. Verhagen, E.; Polman, A.; Kuipers, L., Nanofocusing in laterally tapered plasmonic 
waveguides. Opt. Express 2008, 16, 45-57. 
18. Martin-Cano, D.; Nesterov, M. L.; Fernandez-Dominguez, A. I.; Garcia-Vidal, F. J.; 
Martin-Moreno, L.; Moreno, E., Domino plasmons for subwavelengthterahertz circuitry. Opt. 
Express 2010, 18, 754-764. 
19. Berweger, S.; Atkin, J. M.; Olmon, R. L.; Raschke, M. B., Adiabatic Tip-Plasmon 
Focusing for Nano-Raman Spectroscopy. The Journal of Physical Chemistry Letters 2010, 1, 
3427-3432. 
 13 
20. Schnell, M.; Alonso Gonzalez, P.; Arzubiaga, L.; Casanova, F.; Hueso, L. E.; 
Chuvilin, A.; Hillenbrand, R., Nanofocusing of mid-infrared energy with tapered transmission 
lines. Nat Photon 2011, 5, 283-287. 
21. Choo, H.; Kim, M.-K.; Staffaroni, M.; Seok, T. J.; Bokor, J.; Cabrini, S.; Schuck, P. 
J.; Wu, M. C.; Yablonovitch, E., Nanofocusing in a metal-insulator-metal gap plasmon 
waveguide with a three-dimensional linear taper. Nat Photon 2012, 6, 838-844. 
22. GiugniA; TorreB; TomaA; FrancardiM; MalerbaM; AlabastriA; Proietti Zaccaria, R.; 
Stockman, M. I.; Di Fabrizio, E., Hot-electron nanoscopy using adiabatic compression of 
surface plasmons. Nat Nano 2013, 8, 845-852. 
23. Drachev, V. P.; Podolskiy, V. A.; Kildishev, A. V., Hyperbolic metamaterials: new 
physics behind a classical problem. Opt. Express 2013, 21, 15048-15064. 
24. Poddubny, A.; Iorsh, I.; Belov, P.; Kivshar, Y., Hyperbolic metamaterials. Nat 
Photon 2013, 7, 948-957. 
25. Liu, Z.; Lee, H.; Xiong, Y.; Sun, C.; Zhang, X., Far-Field Optical Hyperlens 
Magnifying Sub-Diffraction-Limited Objects. Science 2007, 315, 1686-1686. 
26. Noginov, M. A.; Li, H.; Barnakov, Y. A.; Dryden, D.; Nataraj, G.; Zhu, G.; Bonner, 
C. E.; Mayy, M.; Jacob, Z.; Narimanov, E. E., Controlling spontaneous emission with 
metamaterials. Opt. Lett. 2010, 35, 1863-1865. 
27. West, P. R.; Kinsey, N.; Ferrera, M.; Kildishev, A. V.; Shalaev, V. M.; Boltasseva, 
A., Adiabatically Tapered Hyperbolic Metamaterials for Dispersion Control of High-k 
Waves. Nano Letters 2015, 15, 498-505. 
28. Narimanov, E. E.; Kildishev, A. V., Metamaterials: Naturally hyperbolic. Nat Photon 
2015, 9, 214-216. 
29. Caldwell, J. D.; Glembocki, O. J.; Francescato, Y.; Sharac, N.; Giannini, V.; Bezares, 
F. J.; Long, J. P.; Owrutsky, J. C.; Vurgaftman, I.; Tischler, J. G.; Wheeler, V. D.; Bassim, N. 
D.; Shirey, L. M.; Kasica, R.; Maier, S. A., Low-Loss, Extreme Subdiffraction Photon 
Confinement via Silicon Carbide Localized Surface Phonon Polariton Resonators. Nano 
Letters 2013, 13, 3690-3697. 
30. Caldwell, J. D.; Kretinin, A. V.; Chen, Y.; Giannini, V.; Fogler, M. M.; Francescato, 
Y.; Ellis, C. T.; Tischler, J. G.; Woods, C. R.; Giles, A. J.; Hong, M.; Watanabe, K.; 
Taniguchi, T.; Maier, S. A.; Novoselov, K. S., Sub-diffractional volume-confined polaritons 
in the natural hyperbolic material hexagonal boron nitride. Nat Commun 2014, 5, 5221. 
31. Dai, S.; Fei, Z.; Ma, Q.; Rodin, A. S.; Wagner, M.; McLeod, A. S.; Liu, M. K.; 
Gannett, W.; Regan, W.; Watanabe, K.; Taniguchi, T.; Thiemens, M.; Dominguez, G.; Neto, 
A. H. C.; Zettl, A.; Keilmann, F.; Jarillo-Herrero, P.; Fogler, M. M.; Basov, D. N., Tunable 
Phonon Polaritons in Atomically Thin van der Waals Crystals of Boron Nitride. Science 
2014, 343, 1125-1129. 
32. Shi, Z.; Bechtel, H. A.; Berweger, S.; Sun, Y.; Zeng, B.; Jin, C.; Chang, H.; Martin, 
M. C.; Raschke, M. B.; Wang, F., Amplitude- and Phase-Resolved Nanospectral Imaging of 
Phonon Polaritons in Hexagonal Boron Nitride. ACS Photonics 2015, 2, 790-796. 
33. Guo, Y.; Cortes, C. L.; Molesky, S.; Jacob, Z., Broadband super-Planckian thermal 
emission from hyperbolic metamaterials. Applied Physics Letters 2012, 101, 131106. 
34. Yu, N.; Capasso, F., Flat optics with designer metasurfaces. Nat Mater 2014, 13, 139-
150. 
35. Dai, S.; Ma, Q.; Andersen, T.; McLeod, A. S.; Fei, Z.; Liu, M. K.; Wagner, M.; 
Watanabe, K.; Taniguchi, T.; Thiemens, M.; Keilmann, F.; Jarillo-Herrero, P.; Fogler, M. M.; 
 14 
Basov, D. N., Subdiffractional focusing and guiding of polaritonic rays in a natural 
hyperbolic material. Nat Commun 2015, 6, 6963. 
36. Li, P.; Lewin, M.; Kretinin, A. V.; Caldwell, J. D.; Novoselov, K. S.; Taniguchi, T.; 
Watanabe, K.; Gaussmann, F.; Taubner, T., Hyperbolic phonon-polaritons in boron nitride for 
near-field optical imaging and focusing. Nat Commun 2015, 6, 7507. 
37. Yoxall, E.; Schnell, M.; Nikitin, A. Y.; Txoperena, O.; Woessner, A.; Lundeberg, M. 
B.; Casanova, F.; Hueso, L. E.; Koppens, F. H. L.; Hillenbrand, R., Direct observation of 
ultraslow hyperbolic polariton propagation with negative phase velocity. Nat Photon 2015, 9, 
674-678. 
38. Gorbachev, R. V.; Riaz, I.; Nair, R. R.; Jalil, R.; Britnell, L.; Belle, B. D.; Hill, E. W.; 
Novoselov, K. S.; Watanabe, K.; Taniguchi, T.; Geim, A. K.; Blake, P., Hunting for 
Monolayer Boron Nitride: Optical and Raman Signatures. Small 2011, 7, 465-468. 
39. Alonso-González, P.; Albella, P.; Neubrech, F.; Huck, C.; Chen, J.; Golmar, F.; 
Casanova, F.; Hueso, L. E.; Pucci, A.; Aizpurua, J.; Hillenbrand, R., Experimental 
Verification of the Spectral Shift between Near- and Far-Field Peak Intensities of Plasmonic 
Infrared Nanoantennas. Physical Review Letters 2013, 110, 203902. 
40. Alonso-González, P.; Nikitin, A. Y.; Golmar, F.; Centeno, A.; Pesquera, A.; Vélez, 
S.; Chen, J.; Navickaite, G.; Koppens, F.; Zurutuza, A.; Casanova, F.; Hueso, L. E.; 
Hillenbrand, R., Controlling graphene plasmons with resonant metal antennas and spatial 
conductivity patterns. Science 2014, 344, 1369-1373. 
41. The tip preferentially scatters the z-component of the sample’s electric field due to its 
anisotropic geometry, and so we compare the experimental results to the z-component of the 
simulated field. 
42. Huber, A.; Ocelic, N.; Kazantsev, D.; Hillenbrand, R., Near-field imaging of mid-
infrared surface phonon polariton propagation. Applied Physics Letters 2005, 87, 081103. 
43. Aizpurua, J.; Taubner, T.; de Abajo, F. J. G.; Brehm, M.; Hillenbrand, R., Substrate-
enhanced infrared near-field spectroscopy. Opt. Express 2008, 16, 1529-1545. 
44. Ocelic, N.; Huber, A.; Hillenbrand, R., Pseudoheterodyne detection for background-
free near-field spectroscopy. Appl. Phys. Lett. 2006, 89, 101124. 
 
  
 15 
 
 
Figure TOC 
  
 16 
 
 
Figure 1 – Schematics of the HPP compression experiment. The light blue lines of 
the h-BN slab represent the layers of the material. The red zigzag line illustrates the 
polaritonic ray launched by the gold edge. The black curves M0 and M1 show the 
field profiles of the first two modes composing the polaritonic ray. 
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Figure 2 – (a) Calculated dispersion curves for the first five HPP modes supported by 
an h-BN slab of thickness d = 150 nm. (b) The dependence of the fundamental (M0) 
mode on the thickness of the slab d. The black dots represent the frequency and 
thicknesses shown in (c). (c) M0 mode profiles showing the x-component of the HPP 
field Ex at frequency ω = 1500 cm-1 for d = 100 nm (upper panel) and 50 nm (lower 
panel). 
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Figure 3 – (a) Field enhancement as a function of the h-BN taper angle θ. Field 
enhancement is defined as the ratio between the field near the end of the taper B 
where the slab has a thickness of 3 nm (labelled B in (b)), and the start of the taper 
(labelled A). The dashed grey lines mark the values of θ simulated in (b) and (c). (b) 
Simulation showing the real part (upper) and magnitude (lower) of the HPP field Ez 
for a taper angle θ of 3°, where ω = 1500 cm-1. Only the M0 mode is injected into the 
taper. (c) As for (b), but where θ = 27.5°. The point X marks the beginning of the 
taper, where higher order HPP modes are generated. Note the different x-axis scales 
between (b) and (c). 
  
 19 
 
 
Figure 4 – (a) Optical microscope image of the studied tapered h-BN flake. (b) 
Illustration of s-SNOM detection of the HPP compression in a tapered h-BN slab. (c) 
Upper panel: Red curve shows the experimental s-SNOM profile perpendicularly to 
the gold edge. The blue curve shows the simulated s-SNOM signal, given by Escat,3 ∝ 𝛼eff,3 (Ez,in + Ez,HPP). The inset shows the absolute value of 𝛼eff,3 as a function of x. 
Lower panel: Numerical calculation of the z-component of the total electric field, Ez,in 
+Ez,HPP, taking into account the geometry of the h-BN slab (obtained from topography 
measurements and outlined by the white solid line). (d) Experimental (red circles), 
calculated according to the field profile (blue squares) and calculated analytically 
(green line) wavelength of the M0 HPP mode, 𝜆MO, as a function of distance x along 
the taper.  
